Thioredoxin-1 (TRX-1) is a redox-active protein involved in scavenging reactive oxygen species and regulating redox-sensitive transcription factors. TRX-1 is induced in various inflammatory conditions and shows cytoprotective action. We investigated the roles of TRX-1 in the host defense mechanism against Helicobacter felis (H. felis) infection. Transgenic (TG) mice overexpressing human TRX-1 and wild-type (WT) mice were orally inoculated with H. felis. After 2 months, histology, oxidative damage, and gene expression of several cytokines, including macrophage inflammatory protein-2 (MIP-2), a murine equivalent to interleukin (IL)-8, in the gastric mucosa were investigated. Furthermore, the effects of TRX-1 on oxidative stress and neutrophil migration were studied both in vivo and in vitro. The gastric mucosa was thickened in H. felis-infected WT mice, but not in infected TRX-1-TG mice. Histologically, all H. felis-infected WT mice developed moderate-to-severe gastritis, whereas the development of gastritis was significantly suppressed in infected TRX-1-TG mice. Oxidative damage markers, 8-hydroxy-2 0 -deoxyguanosine and malondialdehyde, increased in the stomach of infected WT mice, but not TRX-1-TG mice. Upregulation of IL-1b and tumor necrosis factor-a gene expression in H. felisinfected TRX-1-TG mice was significantly lower than in WT mice. However, upregulation of MIP-2 and IL-7 was not different between the two groups. TRX-1 suppressed oxidative cytotoxicity and DNA damage, and inhibited neutrophil migration both in vivo and in vitro. The present study suggests that overexpression of TRX-1 suppresses H. felis-induced gastritis by inhibiting chemotaxis of neutrophils and reducing oxidative stress.
Helicobacter pylori (H. pylori) infection induces chronic atrophic gastritis, peptic ulcer, gastric cancer, and lymphoma. 1 Many bacterial factors contribute to the development of H. pylori-related diseases, including urease-mediated acid tolerance, adherence factors necessary for colonization and maintenance of the infection, and virulence factors such as CagA and VacA that induce host cell damage. [2] [3] [4] [5] Oxidative stress induced by reactive oxygen species (ROS) has an important role in the formation of gastric mucosal injuries by various stressors including Helicobacter infection. 6, 7 There are several possible sources of ROS in Helicobacterinduced gastritis; infiltrating inflammatory cells (particularly neutrophils), gastric epithelial cells, and H. pylori itself. H. pylori eradication attenuates oxidative stress in human gastric mucosa. 8 The redox state is finely tuned to preserve cellular homeostasis through the expression and regulation of oxidant and antioxidant enzymes. Mammalian cells have a complex network of antioxidants, such as catalase, superoxide dismutase (SOD), and glutathione peroxidase, to scavenge ROS. In addition to these enzymes, the members of a family of thiol-disulfide oxidoreductases act as cytoprotective antioxidants. Glutathione and thioredoxin (TRX) are the two most important redox-regulating molecules considered to regulate various cell functions, such as cell growth, apoptosis, and cytoprotection. 9 TRX is a small multifunctional protein that contains a redox-active disulfide/dithiol within the conserved active site sequence; -Cys-Gly-Pro-Cys-. There are two forms of TRX, a cytosolic and nuclear form (thioredoxin-1 (TRX-1)) and a mitochondrial form (TRX-2). TRX-1 is induced by various types of stresses and protects cells from such stresses including viral infection, exposure to ultraviolet light, X-ray irradiation, and hydrogen peroxide (H 2 O 2 ). 10 Moreover, TRX-1 scavenges ROS such as singlet oxygen, hydroxyl radical, and H 2 O 2 . In previous studies, we demonstrated that overexpression of TRX-1 in transgenic mice attenuated focal ischemic brain damage, 11 adriamycin-induced cardiotoxicity 12 and thioacetamide-or lipopolysaccharideinduced acute hepatitis. 13 It remains unclear, however, whether TRX-1 is involved in the host defense mechanism against Helicobacter-induced gastritis.
In the present study, we investigated the cytoprotective role of TRX-1 in H. felis-induced gastritis both in vivo using TRX-1-transgenic (TRX-1-TG) mice and in vitro using a murine gastric mucosal cell line, GSM06 cells.
Materials and methods

Mice
Wild-type (WT) C57BL/6 mice were purchased from Japan SLC Inc. (Shizuoka, Japan). The generation and maintenance of TRX-1-TG mice in which human TRX-1 complementary DNA (cDNA) was inserted between the b-actin promoter and its terminator were described previously. 11 There were no differences in the expression of Mn-SOD, CuZn-SOD, and glutathione peroxidase between WT and TRX-1-TG mice analyzed by immunohistochemistry and Western blotting. 11 The presence of the TRX-1 transgene was confirmed by reverse transcriptionpolymerase chain reaction (RT-PCR) analysis prior to conducting the experiments.
H. felis Infection
H. felis (ATCC49179) used in the experiments was purchased from the American Type Culture Collection (Rockville, MD, USA). The bacteria were grown in brucella broth at a titer of 1 Â 10 8 organisms/ml. The bacterial suspension was stored at À801C until use. TRX-1-TG and WT mice of the same age (8 weeks old) were inoculated with 0.5 ml of bacterial suspension into the stomach using a steel catheter. 14 
Cell Culture
A murine gastric mucosal cell line, GSM06, which was established from transgenic mice harboring the temperature-sensitive simian virus 40 large T-antigen gene and can produce periodic acid-Schiffpositive glycoproteins, was obtained from Daiichi Pharmaceutical Co. (Tokyo, Japan). 15 The cells were cultured in Dulbecco's-modified Eagle medium/ HamF12 medium (ICN Biomedicals, Irvine, CA, USA) containing 10% fetal bovine serum, 100 mg/ml streptomycin, and 100 IU/ml penicillin in 5% CO 2 at 331C as described previously. 16 For induction of endogenous TRX-1, GSM06 cells were cultured in 6-well plates and incubated with 0.1 or 1 mM H 2 O 2 for 4 h, 100 ng/ml tumor necrosis factor (TNF)-a for 4 h, or 1 Â 10 8 H. felis/well at a multiplicity of infection (MOI) of 150 bacteria:1 cell for 4 and 8 h, respectively. Induced TRX-1 protein was detected by Western blot analysis.
Western Blot Analysis
Expression of murine and human TRX-1 was estimated by Western blot analysis using an antimouse TRX-1 (mTRX-1) polyclonal antibody or an anti-human TRX-1 (hTRX-1) monoclonal antibody (Redox Bioscience, Kyoto, Japan), respectively. Gastric epithelial cells were isolated and separated as described previously. 17 Parietal cells were approximately 80% in parietal cell-enriched fraction and less than 10% in nonparietal cell fraction. The cells of each fraction were lysed with Laemmli buffer. GSM06 cells were collected by scraping and then lysed with Laemmli buffer. After heat denaturation, equal amounts of samples (10 mg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Pall Corporation, Pensacola, FL, USA). After blocking with Trisbuffered saline (pH 7.4, 10 mM) containing 5% skim milk/0.1% Tween 20, the membrane was incubated with a primary mouse anti-hTRX-1 monoclonal antibody or a rabbit anti-mTRX-1 polyclonal antibody and then with goat anti-mouse immunoglobulin (Ig) antibody or anti-rabbit Ig antibody conjugated with horseradish peroxidase (Cappel, Durham, NC, USA). Chemiluminescence was detected with ECL Western blotting detection reagents (Amersham Biosciences, Piscataway, NJ, USA).
Histologic Examination
At 2 months after inoculation, mice were killed under ether anesthesia. The stomachs were removed, fixed with 10% neutral buffered formalin, embedded in paraffin, and cut into 4-mm-thick sections. Sections were stained with hematoxylineosin for histopathology and May-Giemsa for assessment of H. felis colonization. 18 The degree of gastritis was determined using the scoring system as described previously. 19 Chronic inflammation, characterized by infiltration of mononuclear cells, was graded from 0 to 3, where 0 ¼ no increase in the number of inflammatory cells, 1 ¼ slight infiltration of the lamina propria by lymphocytes and plasma cells, 2 ¼ moderately dense infiltration of the lamina propria by lymphocytes and plasma cells, 3 ¼ very dense lymphoplasma-cell infiltration in the lamina propria. Activity, characterized by presence of polymorphonuclear cells, was graded from 0 to 3, where 0 ¼ no increase in the number of inflammatory cells, 1 ¼ scattered neutrophils in the lamina propria with no leukopedesis in the region of the gastric pits, 2 ¼ moderate number of neutrophils in the lamina propria with microabscess in the region of gastric pits, 3 ¼ extensive neutrophils in the lamina propria with obvious cryptitis. Atrophic changes were graded from 0 to 3 according to the loss of specialized cells (0 ¼ no loss, 1 ¼ mild loss of parietal and chief cells, limited within half of the corpus glands, 2 ¼ moderate loss of parietal and chief cells, diffusing to more than half of the corpus glands, 3 ¼ severe loss of parietal and chief cells throughout the whole gastric body).
Assessment of H. felis Infection
H. felis infection was assessed by serum levels of anti-H. felis antibodies and the amplification of H. felis DNA in the gastric tissue. An enzyme-linked immunosorbent assay (ELISA) was used to measure serum levels of anti-H. felis antibodies as described previously. 20 The normal upper limit was based on the results obtained from normal mice (mean þ 2 s.d.). Expression of Helicobacter-specific genes in the gastric mucosa was identified by PCR. Extracted DNAs from the stomach of infected WT and TRX-1-TG mice were amplified with the Helicobacter genus-specific primers as described previously. 21 Briefly, DNA was extracted from the gastric tissue using ISOGEN Reagent (total DNA isolation reagent; Nippon Gene, Tokyo, Japan). Two primers were designed from the regions of the 16S ribosomal RNA gene that are conserved among the members of Helicobacter genus: H276 forward primer, 5 0 -CTAT GACGGGTATCCGGC-3 0 ; and H676 reverse primer, 5 0 -ATTCCACCTACCTCTCCCA-3 0 . Samples were heated at 941C for 9 min and subjected to 35 cycles consisting of denaturation (941C, 30 s), primer annealing (501C, 1 min), and extension (721C, 1.5 min) in a Gene Amp PCR system 9600 (PerkinElmer, Boston, MA, USA).
Immunohistochemistry
Immunohistochemical staining was performed on 10% neutral buffered formalin-fixed, paraffin-embedded sections. After rehydration and blocking of endogenous peroxidase activity with 0.3% H 2 O 2 for 30 min, the sections were incubated with a primary anti-mTRX-1 polyclonal antibody, a primary antihTRX-1 monoclonal antibody or a primary mouse monoclonal antibody against 8-hydroxy-2 0 -deoxyguanosine (8-OHdG; Japan Institute for the Control of Aging, Shizuoka, Japan) at 41C overnight. Immunoreactivity of anti-mTRX-1 antibody and anti-hTRX-1 antibody was visualized with the VECTASTAIN Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) and diaminobenzidine. For immunohistochemistry of 8-OHdG, M. O. M. biotinylated anti-mouse IgG antibody (Vector Laboratories) was used as the secondary antibody for 10 min according to the manufacturer 0 s instructions. The secondary antibody was visualized by the same method as for mTRX-1, described above. For immunocytochemistry of 8-OHdG, GSM06 cells were cultured on eight-well culture slides (BIO-COAT Collagen I Cellware, Becton Dickinson, Bedford, MA, USA) and incubated with 100 mM H 2 O 2 plus 30 mM Fe 2 þ for 3 h in the presence of 0, 10, and 50 mM recombinant human TRX-1 (rTRX-1, Redox Bioscience). After fixation with 95% ethanol, microwave irradiation in 10 mM citrate buffer and permeabilization with 0.1% Triton-X, endogenous peroxidase activity of the sections was inactivated with 0.3% H 2 O 2 . Then, immunostaining for 8-OHdG was performed as described above and specimens were subjected to densitometric analysis. Immunocytologic data (expressed as 8-OHdG index) were analyzed as previously described. 22 The following equation was used for the quantitation of immunocytologic data: 8-OHdG index ¼ S[(X-threshold) Â area (mm 2 )]/total cell number, X4threshold, where X is the staining density indicated by a number between 0 and 254 on the gray scale.
Lipid Peroxidation Assay
The concentration of lipid peroxides, malondialdehyde (MDA) and 4-hydroxyalkenals (HAE) derived from the peroxidation of polysaturated fatty acids and related esters, in the gastric mucosa was assessed colorimetrically using Lipid Peroxidation Assay Kit (Calbiochem, La Jolla, CA, USA). After removing the stomachs of each group, the whole stomach was homogenized in 20 mM PBS containing 5 mM butylated hydroxytoluene to prevent sample oxidation. The supernatant was used to assay MDA and HAE levels and protein concentration according to the manufacturer's instructions. The levels of MDA and HAE were measured at 586 nm using a spectrophotometer and expressed as mM/mg protein.
Quantitation of Cytokine Message
Total RNA was extracted from the whole stomach in each group using ISOGEN reagent (Nippon Gene). Extracted RNA preparations were digested by Deoxyribonuclease I (Invitrogen, Carlsbad, CA, USA) for RNA purification and reverse transcribed with MultiScribe reverse transcriptase (Applied Biosystems, Foster City, CA, USA). The resultant cDNAs (50 ng/reaction mixture) were analyzed for expression of interleukin-1b (IL-1b), TNF-a, IL-7, and macrophage inflammatory protein-2 (MIP-2) genes using TaqMan real-time PCR assay with an ABI Prism 7700 sequence detection system (Applied Biosystems). The oligonucleotides and TaqMan fluorogenic probes were as follows: IL-1b (forward, 5
0 -CAGTTAGCCTTGCCTTTGTTCAGT-3 0 ; probe, 6FAMCCCCCTGGTTCAGAAAATCAT CCAA AAG-TAMRA). The primers and probes for TNF-a were purchased from Applied Biosystems. Reaction mixtures were incubated for 2 min at 501C, denatured for 10 min at 951C, and subjected to 45 amplification cycles consisting of annealing and extension at 601C for 1 min followed by denaturation at 951C for 15 s. All TaqMan PCR data were captured using Sequence Detector software (Applied Biosystems). The template concentration in each reaction mixture was determined by comparison with a genespecific standard curve constructed using the cDNA of positive control samples and normalized by dividing the number of copies of the target gene by the number of copies of a housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene amplified using TaqMan rodent GAPDH control reagents; Applied Biosystems). To study the effect of rTRX-1 on gene expression of MIP-2 in GSM06 cells induced by H. felis infection, GSM06 cells were cultured in 12-well plates and pretreated with various concentrations of rTRX-1 (0-5 mM) for 24 h and then incubated with or without H. felis (MOI 300:1) for another 6 h in the absence or presence of rTRX-1 (0.05-5 mM) or N-acetylcysteine (NAC; 10 mM). Total RNA was extracted from GSM06 cells using ISOGEN reagent. Gene expression of MIP-2 was analyzed using TaqMan real-time PCR assay as described above.
Cytotoxicity Assay
Cytotoxicity assay was performed using the colorimetric assay reagent, TetraColor One (Seikagaku, Tokyo, Japan), according to the manufacturer 0 s instructions. GSM06 cells were plated in a 96-well plate (1 Â 10 4 cells/well) and cultured for 24 h. Cells were incubated with 1 mM H 2 O 2 in the presence of 0, 0.1, 1,10, and 50 mM rTRX-1 for 5 h. Then, 10 ml of TetraColor One reagent was added to each well, and cells were incubated for another 2 h. The absorbance at 450 nm was measured with a reference wavelength at 630 nm in the microplate reader.
Chemotaxis Assay
For the in vivo chemotaxis assay, a dorsal air pouch was created by injecting WT or TRX-1-TG mice (11-12 weeks old) with 5 ml of air subcutaneously 7 and 3 days before the experiment as described previously. 23 Then, 10 ng of MIP-2 in 1 ml of sterile pyrogen-free saline was injected into the air pouch. After 4 h, the air pouch exudate was collected with 5 ml PBS and the number of cells that migrated into the air pouch was determined using a NucleoCounter (ChemoMetec, Denmark). Effect of rTRX-1 on in vitro chemotaxis of murine whole bone marrow cells obtained from the femurs and human neutrophils was evaluated using 48-well micro-Boyden chambers (Neuro Probe, Bethesda, MD, USA) as described previously. 23 Cell suspension with 100 ng/ ml (8.3 nM) of rTRX-1 was filled into the upper wells and 10 ng/ml of murine MIP-2 or human IL-8 was added to the bottom wells. After 2-hour incubation, the filters were stained with Diff-Quik dye (Kokusai Shiyaku, Kobe, Japan) and cells that migrated to the bottom wells were counted. Chemotactic activity was expressed as the average number of migrated cells in five oil immersion fields ( Â 200).
Statistical Analysis
The data were expressed as the mean7standard error (s.e.) or as the median (range) for the scoring system to assess gastritis. Mann-Whitney U-test was used where appropriate for statistical analysis. A P-value less than 0.05 was considered statistically significant.
Results
Immunohistochemistry of Endogenous TRX-1 in Helicobacter-Induced Gastritis
In uninfected WT mice, endogenous TRX-1 expression was detected predominantly in the parietal cells of the stomach (Figure 1c ). At 2 months after H. felis inoculation, infected WT mice developed chronic active gastritis with moderate-to-severe inflammatory cell infiltration, loss of parietal and chief cells, and foveolar hyperplasia (Figure 1b) . Abundant expression of TRX-1 was also detected in the remaining parietal cells of the inflamed stomach (Figure 1d) .
Prevention of H. felis-Induced Gastritis in TRX-1-TG Mice
In TRX-1-TG mice, expression of hTRX-1 protein in the stomach was confirmed by immunohistochemistry ( Figure 2a) and Western blot analysis ( Figure  2b ). Although the expression of hTRX-1 was almost ubiquitous in gastric pit cells, parietal cells, and chief cells, the expression of hTRX-1 in parietal cells was stronger than in the other cell lineages. At 2 months after oral inoculation of H. felis, serum levels of anti-H. felis antibodies were elevated in 12/20 (60.0%) WT and 12/18 (66.7%) TRX-1-TG mice (Figure 2c ). There was no significant difference in the positive rate of anti-H. felis antibodies between WT and TRX-1-TG mice. In mice with no or little elevation of anti-H. felis antibodies, PCR products of the Helicobacter-specific gene in the gastric mucosa were negative and H. felis colonization was not observed by May-Giemsa staining of the stomach. In all of 12 TRX-1-TG mice with elevated anti-H. felis antibodies, PCR products and May-Giemsa staining were positive for H. felis (Figure 2d and e) . In WT mice with high titer antibodies, however, there was little or no PCR Helicobacter-specific gene product (Figure 2d ) and H. felis colonization was scarcely observed in the gastric mucosa, although all WT mice with positive Helicobacter-induced gastritis and thioredoxin-1 K Kawasaki et al anti-H. felis antibodies had definite gastritis ( Figure  1b) . Thus, we used the H. felis-infected WT (n ¼ 12) and TRX-1-TG mice (n ¼ 12) for the following experiments (H. felis-infected mice).
Macroscopically, the gastric mucosa was thickened in all infected WT mice 2 months after inoculation of H. felis, but not in all of 12 infected TG mice (Figure 3a) . Histologically, all infected WT Helicobacter-induced gastritis and thioredoxin-1 K Kawasaki et al mice developed moderate-to-severe gastritis. In the deep portion of the glands, chief cells completely disappeared and were replaced by immature mucous cells as shown in Figure 3b . In contrast, infected TG mice had no sign of gastritis or had only localized patchy gastritis with a few inflammatory cells (Figure 3b ). Scores for chronic inflammation, activity, and atrophic changes in infected TG mice were significantly lower than those in infected WT mice ( Table 1) .
Analysis of Cytokine Expression in the Gastric Mucosa
Proinflammatory cytokine messenger RNA (mRNA) profiles in the stomach of H. felis-infected WT and TRX-1-TG mice were assessed with TaqMan realtime PCR. At 2 months after infection, the expression of IL-1b, TNF-a, IL-7, and MIP-2 mRNAs was significantly increased in the stomach of infected WT mice (Po0.05 vs WT control). The increase 
Analysis of Oxidative Damage in the Gastric Mucosa
8-OHdG, a major DNA base-modified product, is induced either by hydroxyl radical, singlet oxygen, or photodynamic action and is an established marker for oxidative stress. 24, 25 In H. felis-infected WT mice, nuclear immunostaining for 8-OHdG was observed predominantly in the deep portion of the hyperplastic gastric mucosa where inflammatory cell infiltration was stronger than other portion (Figure 5a-d) . In contrast, there was no obvious staining for 8-OHdG in infected TRX-1-TG mice or in uninfected WT and TG mice. Helicobacter-induced gastritis and thioredoxin-1 K Kawasaki et al MDA and HAE, end products derived from peroxidation of polysaturated fatty acids and related esters, have been used as an indicator of lipid peroxidation. 26 Tissue levels of MDA and HAE were significantly increased in the gastric mucosa of infected WT mice as compared with infected TRX-1-TG mice or uninfected WT mice (Figure 5e ). However, there were no significant differences among uninfected WT and TRX-1-TG mice, and infected TRX-1-TG mice.
Induction of TRX-1 in Gastric Epithelial Cells In Vitro
TRX-1 production in GSM06 cells was increased by stimulation with 0.1 and 1 mM H 2 O 2 and 100 ng/ml TNF-a. H. felis (MOI 150:1) also enhanced endogenous TRX-1 production in GSM06 cells ( Figure 6 ).
Effects of TRX-1 on H 2 O 2 -Induced Cell Damage In Vitro
Addition of rTRX-1 prevented H 2 O 2 -induced damage of GSM06 cells in a dose-dependent manner (0.1-50 mM) (Figure 7a ). Likewise, a dose-dependent protective effect of rTRX-1 on H 2 O 2 -induced DNA damage was observed by immunocytochemical staining for 8-OHdG (Figure 7b ).
Effects of TRX-1 on Neutrophil Migration
In in vitro experiments, H. felis significantly enhanced MIP-2 gene expression in GSM06 cells (Po0.05). Treatment with NAC significantly inhibited H. felis-induced MIP-2 mRNA expression. In contrast, upregulation of MIP-2 induced by H. felis was not suppressed, even in high concentrations of rTRX-1 (Figure 8 ). This is consistent with the increased MIP-2 mRNA expression in the gastric mucosa in H. felis-infected TRX-1-TG mice (Figure 4d ). On the other hand, in the in vivo chemotaxis assay using the air pouch model, MIP-2-induced leukocyte recruitment was suppressed in TRX-1-TG mice but not in WT mice (Figure 9a) . Moreover, rTRX-1 significantly inhibited leukocyte migration induced by murine MIP-2 or human IL-8 in the in vitro chemotaxis assay using Boyden chambers (Figure 9b, c) .
Discussion
Oxidative damage is pathophysiologically important in chronic gastritis, peptic ulcer disease, and gastric cancer. 27, 28 In H. pylori-infected chronic gastritis, active inflammation is accompanied by intense infiltration of inflammatory cells. Such inflammatory cells, especially neutrophils, are supposed to be the main source of oxygen-free radicals, which have an important role in gastric mucosal injury. In recent years, various groups have studied the effects of antioxidants, such as vitamin C and astaxanthin, on H. pylori-induced gastric diseases. [29] [30] [31] Glutathione is a thiol-disulfide compound, and acts as the major endogenous antioxidant in oxidative stress. 32 H. pylori infection reduces intracellular glutathione in gastric epithelial cells by generating ROS. 33, 34 Thus, oxidative stress is considered to result from the imbalance between prooxidants and antioxidants.
TRX-1 is a redox-active protein with a variety of biologic actions, including scavenging of ROS and regulating redox-sensitive molecules, such as nuclear factor-kB, activator protein-1, and glucocorticoid receptors. 10 Using TRX-1-TG mice, we demonstrated that TRX-1 suppressed Helicobacterinduced gastritis. Indeed, in TRX-1-TG mice, development of gastritis was markedly suppressed with little inflammatory cell infiltration. The reduced inflammation in TRX-1-TG mice was not due to the decrease in H. felis in the stomach because both PCR products and H. felis staining were all positive in the TRX-1-TG mice used in this study, and more clearly observed in TRX-1-TG mice than WT mice. These results are consistent with the previous reports that levels of H. felis colonization in infected mice with severe gastritis were lower than those in the nonresponder mouse strains. 35, 36 Thus, TRX-1 does not appear to eradicate H. felis, but suppresses subsequent inflammation in the gastric mucosa.
To evaluate the protective role of TRX-1 against oxidative cell damage, we used immunohistochemistry for 8-OHdG, a product of DNA oxidation, because 8-OHdG concentrations significantly correlate with the severity of H. pylori infection. 8, 37 Although 8-OHdG-positive cells were detected in the deep portion of the gastric mucosa of infected WT mice, there were no positive cells in TRX-1-TG mice, even in the portion with inflammatory cell infiltration. Likewise, the increment of MDA and HAE, end products of lipid peroxidation, was suppressed in infected TRX-1-TG mice. These results suggest that high levels of TRX-1 in infected TRX-1-TG mice protected gastric epithelial cells from oxidative damage by either inhibiting infiltration of ROS-producing cells or scavenging ROS produced in the gastric mucosa. In this regard, it is notable that in TRX-1-TG mice there are virtually no 8-OHdG-positive epithelial cells, in spite of slight inflammatory cell infiltration, suggesting a direct antioxidative effect of TRX-1 on epithelial cells. Therefore, we examined the direct effects of TRX-1 on epithelial cells in vitro, and found that administration of recombinant TRX-1 decreased oxidative cytotoxicity and DNA damage in GSM06 cells in a dose-dependent manner. Thus, the protective action of TRX-1 on gastric epithelial cells of H. felis-infected TRX-1-TG mice is exerted, at least in part, through its direct antioxidative effect on epithelial cells. Of note, abundant expression of endogenous TRX-1 was observed in parietal cell of WT mice. This may reflect the acid secretory function of parietal cells because glutathione, another major antioxidant, is abundantly present and is known to modulate acid secretion through thiol-disulfide interchange reactions. 38 However, endogeneous TRX-1 could not effectively prevent the loss of parietal cells in the stomach of infected WT mice despite its abundant expression. This might be simply due to lower expression of TRX-1 in WT mice as compared with TRX-1-TG mice. However, the remaining parietal cells in the stomach of infected WT mice were negative for 8-OHdG immunostaining, suggesting that parietal cells are relatively resistant to oxidative stress compared with other gastric mucosal cells. Thus, parietal cell loss may be induced by other causes except for oxidative stress, such as direct contact with H. felis, 39 inflammatory cytokines such as TNF-a, 40 Fas-FasL interaction, 41 and antigastric autoantibodies. 42 In this point, high levels of circulating TRX-1 in TG mice would be more important for cytoprotection through inhibition of leukocyte chemotaxis because the number of infiltrating inflammatory cells in the gastric mucosa was significantly reduced in infected TRX-1-TG mice and such cells are the sources of cytotoxic factors for gastric glandular cells. Figure 9 Effects of rTRX-1 on neutrophil chemotaxis in vivo and in vitro. (a) Chemotaxis induced by MIP-2 into the air pouch was significantly inhibited in TRX-1-TG mice. The number of migrated cells into the air pouch by MIP-2 was counted. *Po0.05; (b) rTRX-1 (100 or 400 ng/ml) dose-dependently inhibited chemotaxis of murine bone marrow cells induced by murine MIP-2 (10 ng/ml) in vitro. **Po0.05 vs TRX 0 ng/ml and MIP-2 10 ng/ml. (c) rTRX-1 (100 or 400 ng/ml) inhibited chemotaxis of human neutrophils induced by IL-8 (10 ng/ml) in vitro. ***Po0.05 vs TRX 0 ng/ml and IL-8 10 ng/ml.
Helicobacter-induced gastritis and thioredoxin-1 K Kawasaki et al Interestingly, expression of hTRX-1 was also stronger in parietal cells of the stomach in TRX-1-TG mice though it was ubiquitously expressed. One possible explanation is that overexpression of hTRX-1 is driven by the b-actin promoter and its promoter activity is increased in parietal cells because microfilaments, made up of b-actin, are abundant to constitute tubulovesicular membranes and intracellular canaliculi for acid secretion. 43 In addition, despite of the relatively lower expression of hTRX-1 in other cell lineages, the amount of hTRX-1 might be enough for cell protection against oxidative stress. Taken together, although endogenous TRX-1 was not enough to protect parietal cells in infected WT mice, overexpression of TRX-1 in infected TG mice was likely to protect gastric glandular cells by not only scavenging ROS but also reducing cytotoxic factors resulting from infiltrating inflammatory cells.
To further elucidate the role of TRX-1 in the pathophysiology of Helicobacter-induced gastritis, we examined gene expression of several cytokines in the H. felis-infected stomach of TRX-1-TG mice. Similar to H. pylori infection in human gastric mucosa, 44 H. felis infection markedly enhanced gene expression of IL-1b, TNF-a, IL-7, and MIP-2, a mouse counterpart for human IL-8, 45 in the stomach of WT mice. Although IL-1b and TNF-a mRNA expression was significantly lower in TRX-1-TG mice than in WT mice, gene expression of IL-7 and MIP-2 was not different from WT mice. The reason for such different gene expression of IL-1b and TNF-a versus that of IL-7 and MIP-2 in TRX-1-TG mice is not known. However, one possibility is that IL-1b and TNF-a are mainly produced by inflammatory cells infiltrating the mucosa, whereas both IL-7 and MIP-2 are produced by gastric epithelial cells in Helicobacter infection. 44, 46 Indeed, we previously demonstrated that H. felis infection induces IL-7 production mainly in gastric epithelial cells in mice.
14 Moreover, in the present study, H. felis directly stimulated MIP-2 gene expression in GSM06 cells, a murine gastric epithelial cell line. Thus, it is possible that although the decrease in inflammatory cell infiltration resulted in reduced expression of IL-1b and TNF-a in the stomach of H. felis-infected TRX-1-TG mice, neither IL-7 nor MIP-2 expression in epithelial cells was influenced by TRX-1. Supporting this idea, TRX-1 had no direct inhibitory effect on H. felis-induced gene expression of MIP-2 in GSM06 cells in vitro. Thus, the reduced inflammation of the gastric mucosa observed in TRX-1-TG mice does not involve decreased expression of IL-7 or MIP-2.
TRX is known to be a chemoattractant like IL-8 and monocyte chemoattractant protein-1 (MCP-1), which attracts neutrophils, and monocytes and memory T cells, respectively. 23 However, few inflammatory cells infiltrated into the stomach in H. felis-infected TRX-1-TG mice despite high levels of gastric mucosal MIP-2, a murine equivalent to IL-8, suggesting that TRX-1 overexpression inhibited neutrophil migration. Our findings that TRX-1 significantly inhibited leukocyte migration induced by murine MIP-2 in vivo and by murine MIP-2 or human IL-8 in vitro support such a speculation. Intravenous injection of IL-8 has been shown to inhibit polymorphonuclear cell accumulation in response to local injection of IL-8. 47, 48 Leukocyte migration is impaired in transgenic mice overexpressing human IL-8 or MCP-1. 49, 50 Therefore, high levels of circulating TRX-1 may similarly decrease the ability of leukocytes to migrate efficiently to a site of infection, either by neutralization of a chemoattractant gradient or receptor downregulation. However, downregulation of MIP-2 receptor (CXCR2) by TRX-1 is unlikely because we previously demonstrated that TRX-1 failed to suppress CXCR2 expression increased in bone marrow cells of experimental autoimmune myocarditis mice. 51 Alternatively, dose-dependent inhibition of chemotaxis suggests the neutralization of a chemoattractant gradient by TRX-1.
In conclusion, the present study clearly demonstrated that TRX-1 suppresses Helicobacter-induced gastritis by inhibiting neutrophil chemotaxis and scavenging ROS. TRX-1 may play an important role in the host defense mechanism against the ROS-related gastric mucosal injury including Helicobacter infection.
